Abstract: It has been suggested that increased pain sensitivity and disruption of endogenous pain inhibitory processes may account, at least in part, for the greater prevalence and severity of chronic pain in women compared to men. However, previous studies addressing this topic have produced mixed findings. This study examined sex differences in pain sensitivity and inhibition using quantitative sensory testing (QST), while also considering the influence of other important factors such as depressive symptoms and sleep quality. Healthy men (n=24) and women (n=24) each completed a QST battery. This battery included an ischemic pain task (IPT) that used a submaximal effort tourniquet procedure as well as a conditioned pain modulation (CPM) procedure for the assessment of endogenous pain inhibition. Prior to QST, participants completed the Center for Epidemiologic Studies Depression Scale and the Pittsburgh Sleep Quality Index. Analyses revealed significant sex differences for the ischemic pain task and the conditioned pain modulation procedure, such that women tolerated the ischemic pain for a shorter amount of time and demonstrated less pain inhibition compared with men. This remained true even when accounting for sex differences in depressive symptoms and sleep quality. The results of this study suggest that women may be more pain sensitive and possess less-efficient endogenous pain inhibitory capacity compared with men. Whether interventions that decrease pain sensitivity and enhance pain inhibition in women ultimately improve their clinical pain outcomes is an area of research that deserves additional attention in the future.
Introduction
Chronically painful conditions are generally more prevalent in women than in men, from puberty to menopause and beyond. 1, 2 Common chronic pain conditions that are more prevalent in women than in men include migraine, fibromyalgia, irritable bowel syndrome, temporomandibular joint disorder, and pain associated with rheumatic diseases. 3 Sex differences in the severity of the chronic pain conditions are also well documented. 4, 5 Women generally report more severe pain, more frequent bouts of pain, more anatomically diffuse pain, and longer-lasting pain than men with similar disease processes. 6 Further, these sex differences persist even after male-specific and female-specific disorders (eg, male urologic and female gynecologic) are excluded from analyses.
Increased pain sensitivity and disruption of endogenous pain inhibitory processes have been hypothesized as potential mechanisms that may account, at least in part, for the greater prevalence and severity of chronic pain in women compared with men. 7 Using quantitative sensory testing (QST) in laboratory settings, researchers
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Bulls et al have tested sex differences in response to experimental pain stimuli using unidimensional measures of pain sensitivity (eg, pain threshold and tolerance) as well as dynamic protocols of pain inhibition, such as conditioned pain modulation (CPM) tasks. 8 The research addressing sex differences in unidimensional pain sensitivity measures has generally produced consistent results, such that women demonstrate lower thresholds and tolerances compared with men for pressure pain, electrical pain, ischemic pain, heat pain, and cold pain. 9 Interestingly, studies investigating sex differences in dynamic tests of pain inhibitory processes such as CPM have produced inconsistent findings. 10 Some studies have reported less-efficient pain inhibitory capacity for women compared to men, [11] [12] [13] whereas other studies did not report any such sex differences. [14] [15] [16] [17] Given the mixed nature of the literature regarding sex differences in pain inhibition, additional research addressing this topic seems warranted.
When examining sex differences in pain sensitivity and endogenous inhibition, it is important to simultaneously consider other psychological and behavioral factors known to influence the experience of pain. Doing so can help ensure more accurate effect-size estimation of any resultant sex differences. Depressive symptoms and sleep quality are two clinically relevant examples of psychological and behavioral factors, respectively, that have well-documented relationships with clinical pain. 18, 19 Furthermore, experimental evidence suggests that depressive symptoms and sleep quality can alter pain sensitivity as well as pain inhibitory capacity. [20] [21] [22] [23] [24] [25] [26] A noteworthy shortcoming of the previous research that specifically investigated sex differences in endogenous pain inhibition has been the lack of consideration for influential psychological and behavioral factors like depressive symptoms and sleep quality, which may have biased results.
Considering this shortcoming, the current study recruited a sample of healthy, chronic-pain-free adults equally comprising men and women. Each study participant provided self-report regarding recent depressive symptoms and sleep quality prior to completing a QST battery. The QST battery included induced ischemia for the assessment of unidimensional pain sensitivity and CPM as a dynamic model of endogenous pain inhibition. The goal was to examine sex differences across the various QST measures, while also accounting for the relative influences of depressive symptoms and sleep quality. It was specifically hypothesized that: 1) women would demonstrate greater ischemic pain sensitivity and less CPM compared with men, and 2) these differences between men and women would remain significant even after accounting for depressive symptoms and sleep quality.
Methods Overview
Data from this study were combined with the baseline data from a separate study that evaluated the influence of intranasal oxytocin on experimental pain sensitivity, endogenous pain inhibition, and mood states. 27 Inclusion criteria for the two studies were identical, as were the pain testing procedures. Because only the baseline data collected as part of this oxytocin study were used, there was therefore no effect from the oxytocin administration. Combining these data is further justified in that identical protocols for evaluating pain sensitivity and endogenous pain inhibition were used across studies. This study was conducted in accordance with the Declaration of Helsinki ethical principles for medical research. Each protocol was approved by the University of Alabama at Birmingham Institutional Review Board, in accordance with ethical research conduct guidelines. Written informed consent was obtained from participants and they were compensated for their involvement.
Participants
The final combined sample consisted of 48 young, healthy adults recruited from the University of Alabama at Birmingham campus via flyers. The data included in this study were collected between February 2013 and June 2014. Potential participants were screened via telephone to determine study eligibility. Inclusion criteria for participation included 1) age between 19-45 years, 2) no ongoing chronic pain problems, 3) no episodes of acute pain within 2 weeks prior to study participation, 4) no diagnosis of hypertension or use of medications for blood pressure, 5) no circulatory disorders, 6) no history of cardiac events, 7) no history of metabolic disease or neuropathy, 8) no current use of prescription medications, including analgesics, tranquilizers, antidepressants, or other centrally acting agents, 9) no diagnosed mental health disorders, 10) no current pregnancy, 11) no liver or kidney disease, and 12) no disorders involving the neuroendocrine system. Sessions were to be rescheduled if any participant reported use of alcohol, opioid pain medications, or nonsteroidal antiinflammatory drugs in the 24 hours prior to their appointment; however, this was not necessary for any participant.
pressure was taken three times, which ensured that none of the participants were hypertensive. Questionnaires assessing depressive symptoms and sleep quality were also completed prior to the initiation of pain testing. Participants then completed a QST battery that included an ischemic pain task (IPT) and a CPM task with pressure as the test stimulus and cold water as the conditioning stimulus.
Quantitative sensory Testing ischemic pain task
Participants completed the IPT first to assess pain sensitivity. The IPT consisted of a modified submaximal effort tourniquet procedure. 28 The hand was exercised while blood flow to the arm was occluded, resulting in ischemic pain. Per standard procedure, 50% of maximum grip strength of the dominant hand was determined using a Lafayette handheld dynamometer (Lafayette Instrument Company, Lafayette, IN, USA). Before occlusion, participants elevated the dominant arm above heart level for 30 seconds, draining blood from the arm. A blood pressure cuff positioned proximal to the elbow was then inflated to 240 mmHg, using a Hokanson E20 rapid cuff inflator (DE Hokanson, Inc., Bellevue, WA, USA). Inflation of the cuff occluded blood flow to the arm, and the arm was lowered to resting position. Participants performed 20 handgrip exercises consisting of 2 seconds grip, 4 seconds rest at 50% of their maximum grip strength. Ratings of pain intensity and unpleasantness were provided at 30-second intervals by instructing participants to rate their pain on 0-100 numeric rating scales, where 0= "No pain" and 100= "Pain as intense (or unpleasant) as I can imagine." 29 Instructions were given to say the word "stop" if the pain had become intolerable. The IPT was completed either when the participant discontinued due to the pain or at 900 seconds. Pain intensity and unpleasantness ratings were calculated by averaging the respective ratings across the entirety of the IPT. The duration of the exposure was recorded and classified as pain tolerance, regardless of whether the participant completed the entire task or terminated the IPT prior to the allotted maximum time of exposure.
cold pressor tasks
Participants completed consecutive cold pressor tasks by immersing their nondominant hand up to the wrist, with an open hand, in the cold water for up to 1 minute per immersion. 30 Five-minute rest periods were observed between each immersion. The cold pressor tasks were always presented in descending order using the following temperatures: 16°C, 12°C, 8°C, and 5°C. The water temperatures were maintained within ±0.05°C by a refrigeration unit (Neslab, Portsmouth, NH, USA), which circulated the water continuously to avoid localized warming around the hand. Pain intensity was recorded at 30 seconds and 60 seconds, using the 0-100 scale. If the participant removed their hand from the water before 60 seconds was completed, they provided a rating of pain intensity at the time of removal. These cold pressor tasks were performed to determine individually tailored temperatures for later use as the conditioning stimulus in the CPM task. Thus, the cold water temperature that elicited a pain intensity rating of moderate pain (∼50, range 40-60) on the 0-100 scale was selected for CPM use.
conditioned pain modulation task CPM was assessed after an additional 5-minute rest period using a heterotopic noxious conditioning stimulation paradigm. 31 In this task, algometric assessment on the dominant dorsal forearm provided the phasic test stimulus, while the cold pressor task was used for the tonic conditioning stimulus. A handheld algometer (Somedic AB, Horby, Sweden) was applied to the dorsal forearm three times to determine participant's baseline pressure pain threshold (PPTs). Participants were instructed to indicate when the increasing pressure sensation first became painful. PPTs were measured in kilopascals. After the PPT baseline tests, participants underwent a series of tailored cold pressor tasks using the cold water temperature that evoked a moderate level of pain. Approximately 30 seconds into the cold water immersion, while the hand remained in the water, the algometer was again used to deliver noxious mechanical stimulation to the opposite dorsal forearm. This procedure was repeated twice with a 2-minute rest period between trials. Like before, participants indicated when the increasing pressure stimulation first became painful. This represented their conditioned PPTs. For the analysis of CPM, we followed recommendations for presenting results and calculation of CPM using the percent change. 32 Percent change for PPTs within each trial was calculated (and averaged) according to the following formula:
(Conditioned PPTs -test PPTs) / test PPTs) ×100 (1)
Questionnaires center for epidemiologic studies Depression scale
The Center for Epidemiologic Studies Depression Scale (CES-D) is a 20-item self-report tool that measures symptoms of depression in the past week. 33 Questions evaluate depressed mood, guilt/worthlessness, helplessness/ 
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Bulls et al hopelessness, psychomotor retardation, loss of appetite, and sleep disturbance. The CES-D has previously been used in a variety of research groups, including both psychiatric and nonpsychiatric samples as well as clinical samples with medical illness. 34 The total score ranges from 0-60, and this single total score was used in this study as an estimate of the degree of individuals' depressive symptomatology. When the CES-D is used specifically in young, healthy adults, its validity and internal consistency have been reported to be acceptable. 33 
Pittsburgh sleep Quality index
The Pittsburgh Sleep Quality Index (PSQI) is a self-rated questionnaire that retrospectively assesses sleep quality and disturbances over the past month. 35 Nineteen individual items generate seven "component" scores: subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleep medications, and daytime dysfunction. Each of the seven component scores is weighted equally on a scale from 0-3, with 0 indicating no difficulty and 3 indicating severe difficulty. The sum of scores for these seven component scores yields one global score, ranging from 0-21. Higher scores indicate worse sleep quality, and a global PSQI score .6 is consistent with poor sleep quality. 36 The seven component scores of the PSQI have been shown to possess good internal consistency, and the overall global score has demonstrated good test-retest reliability. 35, 36 Data analysis All data were analyzed using SPSS, version 22 (IBM Corporation, Armonk, NY, USA). All participants provided complete demographic, questionnaire, and QST data. Descriptive statistics were computed for the overall sample as well as separately for men and women; data are presented as percentages or as means and standard deviations (SD). Relationships among continuously measured variables were tested using Pearson correlation coefficients, while relationships among categorical variables were tested with Chi-square. Analysis of variance was used to determine the presence of significant sex differences in depressive symptoms and sleep quality. Lastly, a series of two separate multivariate analysis of covariance (MANCOVA) were completed to evaluate sex differences in pain sensitivity and endogenous pain inhibition while controlling for depressive symptoms as well as sleep quality. Specifically, IPT tolerance and ratings of pain intensity and pain unpleasantness were included in the first MANCOVA. In the second MANCOVA, baseline PPTs, conditioned PPTs, and percent change in CPM were included.
To evaluate significant sex differences revealed by either MANCOVA, the univariate F statistics were examined to determine the specific aspects of pain sensitivity and endogenous pain inhibition upon which men and women significantly differed.
Results
characteristics of the study sample
Characteristics of the 48 healthy young adults who were included in this study are presented in Table 1 . The mean age was 22.81 years (SD 4.60), with an equal number of men and women participating. The primary ethnicity represented was Caucasian (54%). Resting blood pressures fell within the normotensive to prehypertensive ranges on average; the mean body mass index was 26.33 kg/m 2 (SD 5.70). Neither acute pain in the 2 weeks preceding the study session nor a history of chronic pain was reported by any of the participants. None reported taking any prescribed or overthe-counter pain medications prior to study involvement. All participants were either college graduates or were in the process of obtaining their college degrees. Of the women who participated, six of 24 (25%) reported use of oral birth control medication.
covariates
It is important to reiterate that data from this study were combined with the baseline data of a separate study previously conducted by our group. 27 Notably, none of the IPT pain sensitivity variables (eg, tolerance, pain intensity, pain unpleasantness) or CPM results differed significantly as a function of the study from which the data were originally collected (all P.0.05). This suggests that, when combined, 
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Pain sensitivity and endogenous pain inhibition the results formed a homogeneous set of data from which sex differences in pain sensitivity and endogenous pain inhibition could be examined. Due to this homogeneity, it was not necessary to statistically adjust our analyses according to the original study from which the data were generated. Results revealed significant sex differences in depressive symptoms and sleep quality ( Table 2) . Women reported greater severity of depressive symptoms (F=5.90, P=0.019) as well as poorer sleep quality (F=7.06, P=0.011) compared with men. Depressive symptoms and sleep quality were significantly correlated; however, neither was significantly correlated with any of the IPT pain sensitivity variables or CPM (Table 3 ). Despite the lack of significant correlations, both depressive symptoms and sleep quality were included as covariates in subsequent analyses examining sex differences in IPT pain sensitivity and CPM.
iPT pain sensitivity
Mean values for the IPT pain sensitivity variables are displayed in Table 4 for the overall study sample as well as separately for men and women. The first MANCOVA revealed significant sex differences for IPT pain sensitivity while controlling for depressive symptoms and sleep quality (λ=0.793, F=3.67, P=0.020). The follow up univariate F statistics showed there was a significant sex difference for IPT tolerance time (F=10.48, P,0.01) but not for ratings of pain intensity or pain unpleasantness. Although women tended to discontinue the IPT after a significantly shorter amount of time than did men, their ratings of pain intensity and pain unpleasantness were comparable ( Figure 1A and B).
cPM effect at the forearm
Of the four cold water intensities used for tailoring the conditioning pain stimulus, the majority of participants used 12°C as their conditioning stimulus to achieve a moderate amount of pain (n=28, 58%). Otherwise, 16°C was utilized for five individuals (10%), 8°C was utilized for eight individuals (17%), and 5°C for the remaining seven (15%). CPM did not significantly differ as a function of the temperature used to tailor the cold water conditioning stimulus (F=1.99, P=0.129). Furthermore, men and women did not significantly differ in the temperatures of the cold water needed to achieve a moderate amount of pain (χ 2 =6.13, P=0.106). This suggests that any sex difference in CPM is likely to be independent of the intensity of the tailored cold water conditioning stimulus.
Mean values for CPM are displayed in Table 4 for the overall study sample as well as separately for men and women. The second MANCOVA revealed significant sex differences for CPM while again controlling for depressive symptoms and sleep quality (λ=0.696, F=6.11, P=0.002). Follow-up univariate F statistics showed significant sex differences for baseline PPTs (F=6. 45 
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Bulls et al suggest that women may have less-efficient endogenous pain inhibition than men (Figure 2A and B) .
Discussion
The results of the present investigation provide evidence for sex differences in pain sensitivity as well as endogenous pain inhibition. Specifically, women demonstrated less tolerance for the IPT and less efficient CPM compared to men. A unique finding from this study is that sex differences in both IPT tolerance and CPM effects continued even after considering the influences of depressive symptoms and sleep quality. The sex difference in IPT tolerance revealed in this study generally parallels results from a prior investigation that examined unidimensional aspects of pain sensitivity such as threshold and tolerance. 37 Our finding of a sex difference in CPM effects is also consistent with several past studies that have shown less-efficient pain inhibitory capacity for women compared with men. [11] [12] [13] Interestingly, of the limited number of studies published to date, the majority seemingly argue against sex differences in endogenous pain inhibitory processes. 10 The mixed nature of these findings may be attributed in part to differences in experimental methodology as well as the intensity of the conditioning stimulus used to assess inhibitory effects. 38 For example, previous studies examining sex differences in CPM tended to more consistently reveal greater CPM for men than for women when CPM was assessed via pain thresholds. 10 This is consistent with our findings and the methodology used in this study for the assessment of CPM.
Much attention has been directed towards explaining the biological underpinnings of sex differences in pain sensitivity. For example, it has been suggested that sex chromosomes and steroidal actions on development lead to differences in pain physiology between men and women. 39, 40 Work in both animal 41, 42 and human 43, 44 models also suggests that sex-specific hormones (eg, estrogen) influence sex-specific responses to pain. However, the exact mechanism of these effects in development and/or adulthood is debated. 39, 40, 45, 46 Further investigations have identified neurobiological differences between men and women in brain regions related to pain sensitivity, such as the periaqueductal gray 47 and the strength of its connectivity with the amygdala caudate and the putamen. 48 Despite efforts to characterize this phenomenon from a biological perspective, nothing to date has fully accounted for sex differences in pain sensitivity. Thus, further research into the underlying physiology of 
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Pain sensitivity and endogenous pain inhibition sex-specific pain sensitivity is necessary, particularly in human models. Significant sex differences were also observed in depressive symptoms and sleep quality. Consistent with our hypotheses, the addition of depressive symptoms and sleep quality as covariates did not result in any significant diminution of the sex differences found for IPT tolerance and CPM. As such, our results suggest that participants' sex was the more important factor contributing to the experience of pain in both unidimensional (IPT) and dynamic (CPM) tests. This is not to say that depressive symptoms and sleep quality do not meaningfully influence pain sensitivity and endogenous pain inhibition. It is important to interpret these findings in light of the fact that our study sample comprised young and healthy participants. Thus, pervasiveness of depressive symptoms and poor sleep quality was likely diminished in this study sample, which did not exhibit any appreciable major depression or insomnia. In contrast to our findings, negative emotional states have been oft-researched in the context of experimental pain responses, with previous results suggesting that depressive symptoms can alter both pain sensitivity and endogenous pain inhibition. 49 Sleep has also recently been shown to influence experimental pain responses, with poor sleep quality resulting in lessened pain inhibition. 50 In groups of clinical populations with greater prevalence of major depression and insomnia, these factors may play more of a central role in the differential pain experiences of men and women. 18, 19 Understanding how different groups of people experience pain is crucial in order to enhance pain assessment and treatment by allowing providers to personalize pain medicine based on the sources of this variation. Specifically studying how pain is experienced among men and women seems worthwhile because they represent major population groups that show significant differences in pain-related phenotypes. 51 Also, the influence of sex on pain responses is driven by complex interactions among multiple pain-relevant biological, psychological, behavioral, and sociocultural factors. 52 This study included two important psychological and behavioral factors: depressive symptoms and sleep quality. Although neither demonstrated appreciable relationships with IPT tolerance or CPM in this healthy sample, both factors were found to differ significantly between men and women. Women reported greater depressive symptoms and poorer sleep quality than men. Given the known deleterious health consequences of depression and poor sleep among people experiencing chronic pain, 53, 54 additional consideration of whether depression and poor sleep might help to explain differences in clinical pain outcomes between men and women seems warranted.
Because relatively few human studies have addressed sex differences in endogenous pain inhibitory processes, 10 it is not yet possible to conclude that clinically relevant differences in CPM exist between men and women. However, the potential clinical implications of our findings, particularly for women, are underscored by previous research that has related responses to QST to clinical pain outcomes. 55 For instance, it has been shown that greater pain tolerance and more efficient endogenous pain inhibition were associated with less clinical pain and better physical functioning. 56, 57 Further, deficient pain-inhibitory capacity has been shown to be predictive of postoperative chronic pain development and severity. 58 It has been suggested that responses to experimental pain testing may be better related to the clinical pain experiences of women compared with men. 7 As previously described, women often experience a greater prevalence and severity of chronic pain across a variety of clinical conditions relative to men, and it may be that less-efficient endogenous pain inhibition plays a contributory role. Additional research on this topic is needed to confirm or refute such a hypothesis.
Several limitations must be considered when interpreting these findings. First, as noted previously, this study included a healthy sample of young adults without any known psychiatric or sleep-related disorders. This may have resulted in subclinical severity of responses for depressive symptoms and problems with sleep quality. Indeed, this limits our ability to generalize these findings to clinical pain populations who would likely have greater severity of depressive symptoms and poorer sleep quality. Second, it was not feasible for the sex of the experimenters to be matched to the sex of the participants. A scant amount of previous literature has shown that pain responses to QST may differ according to whether experimenter sex and participant sex are matched versus mismatched. 59 However, the absolute importance of matching experimenters with participants according to demographic characteristics such as sex remains debated. A third limitation was that assessment of sleep quality was based on a self-report measure rather than use of objective indicators (ie, actigraphy or polysomnography) to assess aspects of sleep such as sleep efficiency and sleep-onset latency. Additional research addressing sex differences in the effects of sleep on experimental pain responses using both objective and subjective sleep assessment methods represents an interesting topic for future investigation. 
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Bulls et al assessment of ischemic pain via the submaximal effort tourniquet test, limits the validity of data generated from such methods. 60 This study attempted to minimize such variability by using a standardized QST protocol that was consistent with guidelines put forth for the assessment of ischemic pain sensitivity 60 and CPM.
32
Conclusion
Despite its limitations, the present study is helpful for characterizing important differences between men and women in unidimensional measures of pain sensitivity as well as endogenous pain inhibition. Although it has previously been reported that women demonstrate less tolerance for various experimental pain modalities and less-efficient CPM compared with men, we are not aware of any other investigation that has examined sex differences in both unidimensional measures of pain sensitivity as well as dynamic protocols of pain inhibition while accounting for depressive symptoms and sleep quality. It will be important to more directly determine the clinical relevance of these findings in the future. For instance, if additional research continues to reveal that endogenous pain inhibition is predictive of clinical pain outcomes similar to what has already been found, 57,58 then targeting treatments toward improving pain inhibitory capacity may help reduce the overwhelming burden of chronic pain currently experienced by women.
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